The molecular structure and physicochemical properties of acid-alcohol-treated (0.36% HCl in methanol at 25 • C up to 216 h) chickpea starch were investigated. The recovery for modified chickpea starch ranged from 82 to 91%. A significant decrease in the swelling power, pasting viscosity, and gel strength was observed upon treatment with acid-methanol; however, the granule morphology remained unchanged. Structural studies revealed preferential degradation of amylose and long-chain amylopectin during treatment and the same was attributed to cause alterations in the functional properties. Molecular studies further revealed that the lower content ratio of short-chains to long-chains of amylopectin in chickpea starch resulted in the faster degradation rate upon acid-methanol treatment. An exponential model was also developed from the average molecular weight data to illustrate the degradation kinetics of acid-methanol-treated chickpea starch.
INTRODUCTION
Acid hydrolysis of starch in an aqueous solution of dilute HCl or H 2 SO 4 at certain temperatures for various times to produce "soluble starch" has been in practice for many years. The product thus obtained, called thin-boiling starch, is used extensively in the food, textile, and paper industries. [1] However, recently acid hydrolysis in the presence of alcohol is becoming more popular [2−4] as it can yield higher recovery of modified starch by using less amounts of acid. Cleavage of glycosidic bonds between monosaccharides in polysaccharides is the observed mechanism for acid hydrolysis, [5] while the mechanism of acid-alcohol treatment involves hydrolysis of glycosidic bonds with the water inside the granules. [6] High-performance size-exclusion chromatography (HPSEC) has been reported to be helpful in elucidating the effect of acid-alcohol treatment on molecular structure of 126 SODHI ET AL. starches by observing their molecular weight and chain length distributions. [2−4] Among various alcohols (methanol, ethanol, 2-propanol, and 1-butanol) used to produce modified potato and waxy maize starches, Ma and Robyt [7] experienced the highest average degree of polymerization (DP) with methanol.
Grain legumes constitute an important part in human and animal nutrition due to their desirable nutritional properties. In general, these are rich in starch, protein, and dietary fiber along with significant amounts of vitamins and minerals and high energetic value. [8−10] Thus, historically these have been used mainly as whole seeds. But recently, characterization [11−14] and utilization [15−17] of legumes has drawn attention of researchers to investigate opportunities of value-addition activities. Furthermore, legumes are being explored for extraction of starch and protein-their main fractions. [18−21] Since the utilization of both of the main components, starch and protein, simultaneously is highly important for making such processes profitable, therefore, investigations [4, 22, 23] are undertaken primarily to provide possible alternative applications for legume starches.
Among various legumes, chickpea (Cicer arietinum L.) is considered of high economic importance as being the fifth in total worldwide production with 87.4% being contributed by Asia. [24] These are classified into two types, desi and kabuli, depending upon their color and origin, [25] with the former being three times higher in production. [21] Their seeds are reported to contain 52.4 to 70.9% of total carbohydrates, the major proportion (37.5-50.8%) being of starch, [8] which is considered to be competitive in the food industry. [26, 27] Although there have been several reports on acid-alcohol modified starches obtained from cereals and tubers, [2,3,7,28−31] there is a dearth of such investigations for legume starches. Hence, with a theme of providing innovative speciality legume starch to the food industry, the molecular structure and physicochemical properties of acid-methanol-treated desi chickpea starch were explored in the present study.
MATERIALS AND METHODS

Materials
The desi chickpea sample was procured from a local market in Amritsar, Punjab, India. Isoamylase (EC 3.2.1.68) of Pseudomonas amyloderamosa (59,000 UI/mg) was purchased from Hayashibara Biochemical Laboratories, Inc. (Okayama, Japan). All other chemicals and solvents were of analytical grade.
Starch Isolation
The starch was isolated from chickpea using a method as described by Singh et al. [19] The amylose content of the isolated starch determined by the method of Williams et al. [32] was 28.1%.
Morphological Properties
Scanning electron micrographs (SEM) were obtained with a scanning microscope (Jeol JSM-6100, Jeol Ltd., Tokyo, Japan). Starch samples were suspended in ethanol to obtain 1% suspension. One drop of the starch-ethanol solution was applied on an aluminum stub, and the starch was coated with gold-palladium (60:40). An acceleration potential of 15 kV was used during observation.
Acid-Alcohol Modification
Starch was modified using the method of Lin et al. [2] Starch (25 g) was suspended in 100 ml methanol (<0.3% water) in a 250-ml glass stopper flask. The suspension was stirred and maintained at 25 • C. Reaction was started by adding 1 ml of concentrated (36% by weight) HCl, and allowed to proceed for 4, 8, 12, 24, 36, 48, 72, 120, 168 , 216 h, respectively. The reaction was stopped by adding 14 ml of 1 M sodium bicarbonate, and then cooled in an ice bath. The starch was centrifuged at 3500× g for 5 min and was washed four times with 50% ethanol. The precipitate was air oven dried at 40 • C. The yield was calculated by weight of the recovery starch to the initial weight of dry starch.
Swelling Power (g/g), Solubility (%), and Pasting Properties
Swelling power and solubility of starches were determined using method of Leach et al. [33] Evaluation of pasting properties of acid-alcohol-modified starches was done using a Rapid Visco Analyzer (RVA-4, Newport Scientific Warriewood, Australia). [34] Starch (3 g, 14% wb) was directly weighed in a RVA sample aluminum canister, and 25 ml of distilled water was added to it. It was then subjected to a programmed heating and cooling cycle where samples were held at 50 • C for 1 min, heated to 95 • C in 3.7 min, held at 95 • C for 2.5 min before cooling to 50 • C in 3.8 min and holding at 50 • C for 2 min. The rotating speed of the paddle was initiated at 960 rpm for 10 s to allow thorough dispersion followed by a constant speed at 160 rpm for the remainder of the test. Parameters recorded were pasting temperature (P temp ), peak viscosity (PV), hot paste viscosity (HPV) (minimum viscosity at 95 • C), cold paste viscosity (CPV) (final viscosity at 50 • C), breakdown (BD) (= PV-HPV), and setback (SB) (= CPV-HPV).
Gel Hardness
Hardness of the starch gels from a RVA test were evaluated using a TA/XT2 texture analyzer (Stable Microsystems, Surrey, England). [35] The starch slurry formed in the canister after RVA testing was covered and kept at 4 • C overnight and allowed to gel. The gel formed in the can (37 mm diameter, 20 mm height) was used directly for texture analysis. The gel was compressed to a distance of 10 mm using a flat cylindrical probe (5 mm diameter) at a cross head speed of 0.5 mm/s. The peak force obtained during the compression was recorded as gel hardness. [36] 
Molecular Weight Distribution
The molecular weight distributions of starches were determined by HPSEC. [2] The solution of native starch was prepared by dissolving 75 mg (db) of starch with 15 ml, 90% dimethyl sulfoxide (DMSO) solution in a boiling water bath for 1 h with constant stirring, and then continuously stirred for 24 h at room temperature. Starch was precipitated from an aliquot of DMSO solution (2.1 ml) with excess absolute ethyl alcohol and centrifuged at 4000× g for 10 min. The precipitated amorphous starch pellet was re-dissolved in deionized water (15 ml, 95 • C) and stirred with a magnetic stirrer in a boiling water bath for 30 min. To the acid-alcohol-modified starch, the starch solution was prepared by dissolving 10 mg (db) of starch with 15 ml deionized water and stirred with a magnetic stirrer in a boiling water bath for 1 h.
Each starch solution was filtered through a 5.0-µm syringe filter, and then the filtrate (100 µl) was injected into an HPSEC system. The system consisted of an HP G1310A isocratic pump (Hewlett Packard, Wilmington, DE, USA), a refractive index (RI) detector (HP 1047A Wilmington, DE, USA), and a multiangle laser light scattering (MALLS) detector (Dawn DSP, Wyatt Tech., Santa Barbara, CA, USA). The columns used were PWH (guard column), G5000PW and G4000PW (TSK-Gel, Tosoh, Japan) columns connected in series and kept at 70 • C. The mobile phase was 100 mM phosphate buffer (pH 6.2) containing 0.02% NaN 3 at a flow rate of 0.5 ml/min.
The electronic outputs of the RI and MALLS detectors were collected by ASTRA software (ver. 4.50, Wyatt Tech., Santa Barbara, CA, USA). Peaks were assigned using the RI chromatograms. The MALLS and RI signals were used to determine the molecule weight of amylopectin (first peak). Because of the reduced sensitivity of MALLS for small molecular weight species, the molecular weight of the second peak (amylose and degraded amylopectin fragments) of starches was calculated from the RI signal using a calibration curve constructed from a series of pullulan molecular weight standards ranging from 5.6 to 769.5 kDa (Polymer Standards Service, Silver Spring, MD, USA).
Chain Length Distribution
A starch solution (2.5 mg starch/2.45 ml H 2 O) was prepared according to the procedures described above. The solution was cooled, acetate buffer (0.05 ml, 1.0 M, pH 3.4) and isoamylase solution (10 µl, 5.9 U/µl) was added, and the mixture incubated in a shaker bath at 45 • C for 24 h. The solution was neutralized with 0.1 M NaOH, and deionized with Amberlite IR-120-P and Amberlite IR-93 (Sigma, St. Louis, MO, USA) ion exchanger. The solution was diluted to 5 ml, and heated in a boiling water bath for 10 min. Debranched starch solutions were then filtered using a 0.45-µm syringe filter. The filtrate was injected (100 µl) into the HPSEC system. The system was the same as that used for the determination of molecular weight distribution, except the columns used were one G3000PW XL and two G2500PW XL (TSK-Gel, Tosoh, Japan) connected in series. A typical HPSEC profile of debranched starch showed trimodal distribution. The molecular weight of first peak (amylose) was determined by using MALLS and RI signals, and the molecular weight of the second and third peaks (long chain and short chain of amylopectin) were calculated from the RI signal using a calibration curve constructed from a series of Pullulan molecular weight standards ranging from 1.0 to 46.0 kDa (Polymer Standards Service, Silver Spring, MD, USA). [2] 
Statistical Analysis
Statistical comparison was conducted using the Duncan's multi-range test in a general linear model procedure of a SAS system (SAS Institute, Cary, NC, USA).
RESULTS AND DISCUSSION
Yield
The yields of the acid-alcohol-modified chickpea starch modified by 0.36% HCl in methanol at 25 • C for 4-216 h were high, ranging from 82-91% (Table 1 ). The results are comparable to that obtained for acid-alcohol-modified lentil starches (91.9 to 95.6%) prepared under similar conditions. [4] Lin et al. [2] and Lin et al. [37] reported similar yields (80-100%) for acid-alcohol-treated potato and maize starches. You and Izydorczyk [29] also observed very little solubilization and reported very high recovery (91.5-99.8%) for barley starches with different amylose contents treated with acid-alcohol.
Morphology
Scanning electron microscopy (SEM) was used to observe the morphology of native and modified chickpea starches. SEM of native chickpea starch showed the presence of large oval to small spherical shape granules ( Fig. 1a ). Similar observations for chickpea starches have been reported. [19, 38, 39] The granule surface of the native starch was smooth without fissures or cavities. With increasing hydrolysis time, no significant configuration changes, such as fragmentation or swelling, were found even after 216 h of modification ( Fig. 1b and 1c ), although some surface roughness became evident. However, in an earlier study on acid-alcohol-treated lentil starch, [4] the formation of cavities, surface roughness and development of protuberances became clearly evident upon modification conducted under similar reaction conditions. Such behavior of chickpea starch has appeared similar to that of maize and potato starches as reported by Lin et al. [2] They also reported no significant configuration changes in starch granules of maize and potato starches except for surface roughness after 15 days of modification under similar conditions. So the changes in functional properties of chickpea starch with acid-alcohol-treatment may be attributed and predominantly related to the changes in the molecular structure of the starch granule rather than the changes in granule morphology.
Swelling Power and Solubility Index
When starch is heated in excess of water, hydrogen bonds stabilizing the structure of the double helices in crystallites gets broken and replaced by hydrogen bonds with water, [40] the starch granule swells, and the volume increases. A decrease in swelling power from 10.4 g/g of native chickpea starch to 4.6 g/g of chickpea starch after 216 h of acidmethanol treatment was observed ( Table 1) . A similar decreasing trend was reported on acid-methanol-treated lentil starch. [4] Acid-alcohol-treated potato and maize starches had also shown similar results in their swelling powers. [2] According to Sasaki and Matsuki, [41] swelling volume of starch is affected by amylose content and the structure of amylopectin. Furthermore, the crystallites within the amylopectin molecule and the molecular weight and shape of the amylopectin have been reported to determine the onset of swelling and gelatinization. [42] Thus, degradation of amylopectin molecules to lower molecular weight molecules due to acid-alcohol hydrolysis is inferred to be the reason for such decrease in swelling power. [2, 4] The degradation of amylopectin upon acid-alcohol modification was confirmed in the present investigation by carrying out molecular weight distribution analysis.
The solubility of native chickpea starch was observed to be 13.2%, which is similar to previous reports. [19, 38] The solubility of chickpea starch increased with the increase in hydrolysis time (Table 1) . It showed a rapid increasing tendency after 24 h of treatment and the solubility of starch treated for 216 h was observed to be fairly high (46.5%). Solubility provides an evidence of the strength of interaction between starch chains, within the amorphous and crystalline domains. The amylose to amylopectin ratio and the characteristics of amylose and amylopectin in terms of molecular weight distribution, degree of branching, length of branches, and conformations of molecules mainly influence the extent of this interaction. [43] Mukerjea et al. [30] reported that the dissolved starches had generally much higher proportions of amylose to amylopectin ratios than their native granules. So the degradation of amylopectin during acid-alcohol treatment could be attributed to cause this increase in solubility of starches. Lin et al. [2] also termed the increase in solubility to the disruption of granular structure caused by degradation of amylopectin, which consequently increased leaching when starch was heated in water. Table 2 summarizes the pasting properties of native and acid-alcohol-modified starches analyzed by using a RVA. The pasting temperature of native starch was observed to be 76.0 • C. According to Singh et al., [19] the pasting temperatures for native chickpea starches were observed to be in the range of 75.1-77.1 • C, while a pasting temperature of 71.1 • C for lentil starch has been reported. [4] The higher pasting temperature of chickpea starch than lentil starch indicates its more resistance to granule swelling and rupture. The observation of lower peak viscosity, breakdown, and higher hot paste viscosity of native chickpea starch than native lentil starch [4] may also be attributed to similar reasoning.
Pasting Properties
After acid-alcohol treatment, the pasting viscosity of the modified chickpea starches decreased significantly and showed a regular pattern of decrease with increasing hydrolysis time. This is in accordance with the decreasing swelling power and increasing solubility of acid-modified chickpea starches as reported earlier. Interestingly, although having more resistance to granule rupture, chickpea starch showed a faster decrease in pasting viscosities with an increase in hydrolysis time as compared to lentil starch treated under similar conditions [4] indicating more susceptibility to degradation by acid-methanol treatment. The same could be attributed to the higher disruption of molecular structure inside granules [2] for chickpea starch and was verified by HPSEC analysis conducted in the present investigation. A comparison of scanning electron microscopy observations also substantiated the above findings by revealing the formation of cavities, surface roughness, and development of protuberances for lentil starch, however, no significant configuration changes in chickpea starch granules after similar treatment were observed.
Gel Hardness
Hardness of RVA gels of native and modified chickpea starches evaluated using a TA/XT2 texture analyzer is presented in Table 2 . The mechanical properties of starch gels depend upon various factors, including the rheological characteristics of the amylose matrix, the volume fraction, and rigidity of the gelatinized starch granules, as well as the interaction between the dispersed and continuous phases of gel. [44] These factors are, in turn, dependent on amylose content and structure of amylopectin. [45] Hardness of native starch gel was found to be 166 g. The hardness of starch gel decreased significantly upon acid-alcohol treatment and was observed to be 23 g at the highest level (216 h) of modification. Long chains in amylopectin play a key factor influencing the texture of starch gels, which has been reported by Lu et al. [46] and that was further corroborated with the analysis presented by Sodhi et al. [47] Hansen et al. [48] also clearly established the importance of longer chains for the formation of a gel network. Hence, the decreased gel strength upon acid-methanol treatment could be attributed to degradation of amylose and long-chain amylopectin [49] in acid-methanol-treated chickpea starches as evidenced by HPSEC results observed in the present study.
Molecular Weight Distribution
Molecular weight distribution profiles of native and acid-alcohol-treated chickpea starch, determined by HPSEC, showed bimodal distribution profiles (Fig. 2) as those of lentil starches. [4] The first fraction (F1) in the profiles corresponds to amylopectin, whereas F2 fraction corresponds to low molecular weight molecules. Acid-alcohol treatment caused a decrease in the areas of F1 fractions with an increase in treatment duration, while areas of F2 fractions increased. The weight percentage and weight average degree of polymerization (DP w ) of starches are summarized in Table 3 . These results indicate amylopectin degradation due to hydrolysis caused by acid-alcohol treatment to low molecular weight molecules. The same may be attributed to cause an increase in solubility and decrease in pasting viscosities as observed in the present study upon acid-alcohol treatment. Similar observations of amylopectin degradation upon acid-alcohol treatment have been reported earlier for maize, potato, [2] and lentil starches. [4] Lin and Chang [31] reported a two-stage degradation pattern explainable by two different straight line equations during acid-methanol treatment of rice and corn starches; however, an exponential degradation pattern of the reciprocal of molecular weight versus duration of acid-methanol treatment for the chickpea starch has been observed in this study. The reduction in molecular weight with an increase in acid-alcohol treatment was observed to be explainable by the following equation: [4] 
where k or k' represents the rate constant, t, the reaction time, M o , the DP w of native starch, M t , the DP w of starch after being treated for time t, and m, the monomer molecular weight.
The results indicated a slow degradation at early stages followed by a very rapid degradation rate (Fig. 3) . A similar equation was used earlier to explain the degradation of lentil starch [4] with acid-alcohol treatment. However, the degradation rate constant is observed to be higher for chickpea starch (k = 0.0189 h −1 ) as compared to lentil starch (k = 0.0178 h −1 ) indicating a faster degradation in the former. These differences in degradation patterns may be attributed to the differences in their botanical origins. The influence of botanical source on the degradation rate of starches during acid-alcohol treatment has been reported earlier. [2, 6, 7, 37] 
Chain Length Distribution
The HPSEC profiles of native and acid-methanol-treated chickpea starches after debranching with isoamylase were observed to have trimodal distributions ( Fig. 4 ) similar to those of lentil starches. [4] Table 4 summarizes the weight percentage (%) and weightaverage chain length (CL w ) of each fraction of native and acid-methanol-treated chickpea starches. The P1 fractions in the profiles correspond to amylose, while P2 and P3 fractions consist of long and short chains of amylopectin, respectively. [50] The contents and CL w of P1 fractions showed a significant decrease upon acid-methanol treatment; however, an increase was observed for P2 fractions, which resulted from the degradation of P1 fraction. [2] A slight increase was also observed for P3 fractions with acid-methanol treatment, which could be attributed to the reason that CL w of chains degraded from P2 fraction are similar to that of P3 fraction. [3, 51] Hence, it may be inferred from the above discussion that amylose and long chains of amylopectin are preferentially degraded during acidmethanol treatment of chickpea starch. However, in comparison to that of lentil starch [4] treated under similar conditions, a higher degradation rate of long chains of amylopectin was observed in chickpea starch. Long chains of amylopectin are longer branch chains that extend through two or more clusters. [52] As acid hydrolysis preferentially occurs in amorphous regions [2] and branch points passing through can be easily hydrolyzed, [53] hence, it may be inferred that branch chains passing through the amorphous regions had more long [31] reported a faster degradation rate for starches having a lower S/L ratio (content ratio of P3 to P2 fractions) in their study on acid-alcohol-treated cereal starches. Consequently, lower S/L ratio for chickpea starch (2.35) as compared to lentil starch, [4] which has an S/L ratio of 4.14, may be attributed for faster degradation and, hence, more susceptibility to acid-alcohol-treatment.
CONCLUSION
Chickpea starch exhibited recovery values of 82-91% after treatment up to 216 h in methanol containing 0.36% HCl at 25 • C. Granule morphology was observed to remain unaltered without having any significant configuration changes with an increase in treatment time. However, their functional properties were significantly affected upon treatment with acid-methanol for various durations. The swelling power, pasting viscosity, and gel strength were observed to be significantly decreased with the acid-methanol treatment indicating that chickpea starch with desired functional properties suitable for a particular application can be achieved by controlling the treatment duration. This was attributed to the degradation of the molecular structure inside the starch granule as revealed by HPSEC studies. Preferential degradation of amylose and long-chain amylopectin was observed during acid-methanol treatment. While comparing the molecular structure studies with lentil starch [4] treated under similar reaction conditions, a faster degradation rate for chickpea starch has been observed and is attributed to lower S/L ratio for chickpea starch. The comparison further led to the inference that long chains of amylopectin mainly consisted of the branch chains passing through the amorphous regions.
